Since about 25 to 30 per cent of the food was not consumed, the total potassium intake was probably in the neighborhood of 1.2 i 0.2 mg. The diet of the control animals was supplemented with 12 mg. of KCl dissolved in distilled water per day per rat.
The animals were young rats, about 2 months old, weighing from 75 to 96 gm. each. Two rats were kept in each cage. Distilled water for drinking purposes was supplied ad lib. The food was placed in a metal feeding-dish.
Experiments
Of the 22 rats used 16 were placed on the basal diet and 6 were given the same diet with added KCl. During the first week the food was not moistened and the dry powder was placed in the dish. * The vitamin B preparations were analyzed in large amounts, and had a relatively high content of potassium (1.82 gm. = 2.1 mg. K). The small daily dosage, however, brought the intake to no more than 0.1 mg.
The Ryzamin-B was given every 4 days in sufficient quantity for 4 daily doses, the Lactoflavin every week in amounts equivalent to 7 doses. However, this regime was not satisfactory, since in the first week all animals, control as well as experimental, developed a diarrhea and looked sick. After this the dry food was moistened with from 10 to ': tio fore. At any potassium-deficient diet (experimental), one on a similar basal rate, the whole diet with added potassium (control) . group recovered, became active, and kept themselves clean. Longevity. One of the controls and one experimental animal died on the 16th day. Following this, the rest of the control animals survived until sacrificed at the termination of the experiment after 40 days. The 15 remaining experimental animals died between the 26th and 36th days.
Weights. The control animals weighed an average of 81 gm. at the beginning of the experiments, 95 gm. after 21 days, and 114 gm. after 34 days. The experimental animals lost weight steadily; beginning with an average of 87 gm., they weighed 72 gm. after 21 days, and at death averaged 67.5 gm. (See Fig. 1.) Symptonatology. The control animals maintained the usual activities of healthy rats. Their fur was clean and not ruffled, they exhibited no diarrhea (after the first week), and seemed normal in every respect.
The experimental animals were indistinguishable in appearance and activity from the controls up to 4 to 5 days prior to exitus. At this time activity became reduced, they remained quiet, perhaps asleep, in the cages, and lost all interest in their environment, includ-ing their diet. The fur became slightly ruffled, the abdominal distension from which all suffered was marked, and the abdomen was tense and tympanitic. The rats went into a completely quiet, comatose state, and death occurred without critical changes.
Autopsy Findings. Experimental Group. The peritoneal cavities were lined by intact, serous membranes. No excess fluid was present, and no exudate was seen. The omenta were translucent and showed no cellular stimulation. The finding of note in the abdominal cavity was the markedly distended cecum, which contained only gas. The small intestines contained a small amount of liquid material. There was no evidence of any inflammatory process in the intestinal wall. The viscera appeared to be entirely normal. The thoracic cavities contained no fluid. The lungs were pink and uniformly devoid of pneumonic areas or evidence of congestion. The hearts were contracted and small in comparison with those of the control group, but their weights were not significantly lowered. No gross changes could be detected in the heart muscle.
Sections were prepared from the heart, lungs, major large arteries and aorta, liver, spleen, kidneys, adrenals, ovaries, and testes, as well as from portions of the intestine and the skeletal muscles.
Microscopic Examfnation. With the exception of the heart muscle, no significant changes were found in any of the organs. The sections prepared from the heart were cut to include auricles, ventrides, and major vessels.
Lesions found in the hearts consisted of areas of necrosis of the muscle fibers, with an accompanying cellular infiltration, chiefly composed of large mononuclear cells. The extent of these lesions varied considerably; the animal dying on the 16th day showed only slight focal changes in the staining quality of the fibers, suggesting Zenker's necrosis. The rest of the group showed definite focal necrosis with complete disappearance of muscle fibers. This was remarkably extensive in several of the animals (those which survived longest) and involved portions of both ventricles and almost the entire interventricular septum. The most extensive lesions were found beneath the endocardium and in the septum, while smaller areas of focal necrosis were scattered throughout the musculature (Figs. 2, 3 In comparing the results of this experiment with those of Schrader, Prickett, and Salmon, it is seen that while the heart lesions a,re entirely similar, the subsidiary findings noted by them were absent or negligible in our animals. These consisted of changes in the fur, of cyanosis, of pathological changes in the intestine, pancreas, and kidneys, and in some instances of hydrothorax and ascites. The lethargy and abdominal distension noted by Schrader and his colleagues were seen in our rats toward the end of the experiment. Examination of the vitamin content of the diet supplied by Schrader (10 mg. of a fuller's earth adsorbate of brewer's yeast extract) and the published notation that this supplement had no significant effect on weight or length of life, led us to examine the possibility that in these experiments a deficiency of potassium was coupled with a deficiency in vitamin intake, with especial reference to the B-complex.
Using the same sources of the vitamin B complex as in the first experiment, namely, Ryzamin-B (rice polishings extract) and Lactoflavin (Borden), two groups of rats were placed on the basal diet with an increased vitamin B intake. One group of 8 rats was deprived of potassium, while the other group of 9 was fed with a salt mixture containing potassium chloride.
The data of the experimental results appear in Table 1 . The animals on the low potassium regime survived an average of 65 days, with quite a wide variation. The change in weight was also subject to considerable variation, although the average loss for the entire group was negligible. Likewise, myocardial lesions were not uniformly present, since but S of the 8 animals showed changes.
The control group, which received added potassium in the diet, gained an average of 43 gm., almost doubling their original weight, and only one animal died during the 126 days of the experiment. No myocardial lesions were observed.
The differences between these data and those of the first experiment are striking; the length of life is not only greater, but the variation in length of life among the individuals of the group is greater. This variation is expressed in the other measurable factors.
In the first experiment the rats quickly began to show deterioration and became progressively more and more apathetic. It seems justifiable to conclude that the addition of a larger quantity of the vitamin B factors to the diet was beneficial, and that this in turn was expressed by longer life and the opportunity to manifest individual differences in ability to withstand a deficient dietary regime. This suggested that the anatomical changes which have been found in the animals on a low potassium diet were the result of a coupled or combined deficiency, in which the lack of one factor was not followed by injury, but in which a lack of two factors was essential. For study of the effects of myocardial lesions on the circulation and for observing electrocardiographic changes a larger animal is advantageous; consequently, 5 young pigs weighing about 20 lbs. each were used. The basal diet described in the first experiment was used, supplemented with Ryzamin-B and Lactoflavin. The protocol for these animals and the precise data are given in Table 2 . No attempt was made to partition the vitamin B complex to determine which factor was concerned with the maintenance or loss of integrity of the heart musde in potassium deprivation, although the effects of a low and high riboflavin intake were tested. All received B1 in the Ryzamin-B preparation, 32 to 40 units per day. Pig No. 380, on a low potassium intake, died after 24 days. It had become weak and ataxic, there was difficulty in breathing, associated with a hoarse cough. Autopsy revealed an extensive bronchopneu-monia; the heart was not remarkable grossly, but microscopic preparations revealed focal areas of myocardial necrosis; a variety of changes including an increased eosinophilic staining, loss of striation, nuclear disintegration, and chromatolysis were seen. A fibrillar type of connective tissue with very little cellular infiltration was found in small areas in which the musde fibers had completely disappeared. There was no evidence of change in the coronary vessels. No anatomical changes were noted in the other viscera.
Pig No. 381 served as a control for Pig No. 380 for 24 days, during which time 1.0 gm. of KCI per day had been added to the basal diet. The animal was in good health during the 24 days, had gained weight, and showed no signs of respiratory infection. The potassium was eliminated from its diet, and a change for the worse was noted after 4 or 5 days. A slight apathy, combined with some weakness and a tendency to sleep the greater part of the day, increased until death, 17 days after the change in diet. In the last 24 hours of life marked cyanosis of the mucous membranes of the mouth was noted and the respirations were noisy and bubbly. The animal died with the trachea and bronchi filled with a pink frothy fluid.
Autopsy revealed 30 to 50 cc. of serous fluid in the peritoneal cavity and some congestion of the intestinal mucosa. The kidneys were congested with blood. The lungs were pink and crepitant except in the upper lobes, where some congestion was observed. There was no evidence of bronchopneumonia. The heart weighed 55 gm.; the muscle was flabby, and the left ventricular chamber appeared dilated. On the anterior aspect of the left ventride numerous linear yellow markings could be seen through the translucent epicardium. These were about 0.5 to I mm. in width, and several mm. in length. Section of the myocardium showed similar changes in the interventricular septum. The endocardium lining the several chambers and the heart valves was thin and translucent throughout.
Microscopically, these lesions were found to be associated with advanced changes in the heart muscle fibers. (See Figs. 6 and 8. ) Loss of stain affinity, fragmentation, and dissolution of the substance of the fibers had occurred in many areas. The endocardium and subendocardial tissues were not affected, and from all appearances the conduction fibers were intact.
Three more pigs of about the same weight (20 lbs.) were started on the basal diet. Two received no potassium, one was given 1 gm. of potassium chloride per day. The amount of riboflavin given these animals was varied according to the protocol above; the amount of Ryzamin-B was constant. Electrocardiographic tracings were made from each animal prior to the beginning of the experiment and every week thereafter. These P-R 0.10 QRS 0.06 T has become deeply negative in all leads; many of the RST segments in leads 2 and 3 show upward displacement and convexity which in human ECG's are typical of recent infarction. The progressive development of these abnormalities implies an acute myocardial lesion. April 26, 1939: Rate, 110 per min. P-R 0.12 QRS 0.08 The duration of QRS has lengthened, but perhaps not significantly; T in lead 1 has become more prominently negative and has again changed from positive to negative in leads 2 and 3 compared with one week ago. This suggests a recurrence or exacerbation of an acute myocardial lesion. pig that was fed with potassium chloride was sacrificed after 67 days, in apparently good health. Pig No. 476, which was on a low potassium diet and died after 30 days, showed few gross changes at autopsy; there was no evidence of acute or chronic passive congestion of the viscera, and no evidence of any infectious process. Examination of the heart musde revealed a mottling of the cut surface of the myocardium. The texture of the muscle was normal, there were no endocardial lesions, and no gross changes in the coronary vessels. Changes from one week ago: further delay in A-V conduction. This is indicative of incomplete A-V block, being a 50%o increase over the control record, and considerably longer than other control pigs in the group. Intraventricular conduction has increased to 0.08, twice the original conduction time for this pig. the A-V conduction has further increased (a total increase of 0.08 in this series) and incomplete A-V block seems established. QRS, which had been lengthening slightly, more than doubled in the past week; it is 5 times the length noted in the first ECG in this series. QRS is now slurred or notched in all leads. The diagnosis of intraventricular block is unequivocally established. Since T continues opposite in direction to the main QRS deflections, the earlier suspicion of a bundle branch lesion on the left is still entertained.
cardium not so extensively involved, the most prominent change was a perivascular cellular infiltration with large mononuclear cells, resembling lymphocytes, and young connective tissue cells. These infiltrates were more pronounced around the branches of the coronary veins than around arteries. In many areas necrosis of just a few musde fibers were evident, together with a moderate cellular infiltration. The perivascular cellular reaction is the only change that has been found in association with the coronary vessels. The endocardium and subendocardial connective tissues show no changes; this is noted because of the tendency of the rat heart to show changes in this region earlier and more extensively than in the deeper portion of the musde.
In the preceding experiments, and especially in the first two dealing with rats, the emphasis was placed on the dietary lack in potassium, although evidence developed from these experiments that the vitamin content of the diet played a considerable part in determining both the length of life and the extent of the myocardial lesions which developed. It seemed that the B-complex was probably concerned, since an increase in the intake of rice polishings extract and riboflavin resulted in an increased survival time and a diminution of heart damage. Since three of the factors in the vitamin B complex which are known to be essential to growth and the maintenance of health in the rat are obtainable in pure form, the following experiment was designed to partition the B-complex in so far as possible, and to determine what factor was most concerned with the development of the myocardial lesions found in animals fed a potassium deficient diet. The vitamin preparations used in the first experiments were abandoned and the basal diet was altered to include a vitamin-free casein (Borden), cane sugar, and Crisco as a source of fat. The precise composition of the diet is given below.
Analysis of the complete diet for potassium revealed less than a sufficient amount in 10 gm. to produce a precipitate after the addition of sodium cobalt nitrite; this indicates that 10 gm. contain less than 1.5 mg. of K. Thiamin, riboflavin, and vitamin B6 hydrochloride were used as supplements. Vitamins C and K (the preparation of vitamin K employed was "Phthiocol," 2-methyl-3-hydroxy-1, 4-naphthoquinone, kindly supplied by Dr. R. J. Anderson, Sterling Chemistry Laboratories) were added in small amounts to cover any possible deficiencies in these elements, although their place on the list of factors required by rats is not secure. Vitamins A and D were given in cod-liver oil. 
J
Eighty young rats weighing about 60 gm. each were divided into 10 groups of 8. The protocol for the various dietary combinations offered to these animals is given below. The experiment was planned so that a group of rats given a diet deficient in one of the three vitamin B factors, and also in potassium, was paired with a similar group receiving the same diet with added potassium. Thus groups 4, 7, and 9 received a diet deficient in thiamin, riboflavin, and Be respectively, as well as in potassium. Groups 3, 6, and 8, receiving diets deficient in thiamin, riboflavin, and Be respectively, were given added potassium chloride in their diet.
Four other groups of rats were included: Group 1 received all three synthetic vitamin preparations and added potassium, and was designed to serve as a control for the effectiveness of the diet as * We are indebted to Dr. George Cowgill of the Department of Physiological Chemistry, for assistance in the selection and preparation of the basal diet and supplements. The vitamin preparations were generously supplied by Merck & Co. a whole. Group 2 received all of the vitamin B preparations, but no potassium. Group 5 was added to the experiment to permit study of the effects of a partial deprivation of thiamin, with especial reference to changes in the central nervous system. Group 10 received the basal diet with added potassium, and 1 gm. per day of brewer's yeast in place of the synthetic vitamin B preparations. These animals were designed to serve as secondary controls for the diet offered to the rats in group 1, in an attempt to determine whether there were factors supplied by yeast which were not included in the synthetic preparations. 
Results
The average weight change for each group is shown in Fig. 12 . It is seen that none of the groups on a potassium-deficient diet exhibited any significant gain in weight during the period of the experiment. The two groups which may best be compared from this point of view are groups I and 2, which received the three synthetic vitamin B factors, with added potassium (group 1) and with no potassium (group 2). The gain in weight in the other groups was negligible, except in group 5, which received a small amount of B1 together with added potassium and the other vitamin fractions, and in group 10, which received brewer's yeast.
In all 9 groups which received the synthetic vitamin B preparations, increase in weight was confined to the first 20 to 30 days of the experiment, after which the animals remained at about a constant level. Four of the rats in group 1 were given a supplementary feeding (a preparation of "filtrate factor" prepared in the laboratories of Dr. George Cowgill) 40 days after the beginning of the experiment, and 24 days after their weight had reached an apparently stable level. They responded immediately and gained weight steadily for the next 60 days, while the 4 animals which remained on the original regime maintained their previous weight during the entire period. It is evident that the restriction of vitamin B intake to the 3 synthetic factors does not permit a continuous gain in weight. The food intake and wastage were recorded during the duration of the experiment; the corrected intake varied from 6.0 to 1 1.4 gm. per day per rat. It was interesting that the group which showed a steady high food intake of 1 1.4 gm. per day (group 8, basal diet, with added potassium, Bs deficient) showed little or no gain in weight. They may be compared with the rats of group 1, which received the same diet with added B6, which had a daily food intake of 6.8 gm., and showed a moderate weight increase. All of the animals on the B6 deficient diet showed changes of the skin of the paws and around the nose, typical of those described as rat acrodynia.
Myocardial Lesions The extent of involvement in the myocardium is shown for the entire group of 80 rats in Table 3 . It is seen that only in group 9, which received a diet deficient in potassium and in B0, is there any consistent and marked involvement of the heart. The lesions in these animals were as extensive as any that had been seen in the previous experiments, and involved a considerable portion of the heart musde. The lesions found in the other groups were confined for the most part to focal accumulations of cells in and under the endocardium, with minimal changes in the muscle fibers. The nature of the more extensive lesions in the heart muscle was entirely similar to that seen in the first experiment. The results show that a lack of B6 together with a lack of potassium produces a very extensive injury to the heart, while a deficiency in either of the other two factors (thiamin or riboflavin) does not. It is necessary to emphasize the limitations of these condusions, which must be confined entirely to the conditions of the experiment. In all likelihood the basal diet is deficient in factors other than vitamins, for example in the amount of cystine, and the supplementing of this diet with B1, riboflavin, and B6 does not adequately supply all of the vitamin B complex. However, the fact that the animals in group 2 (which received no potassium, and which received all other dietary factors included in the experiment) did not develop any significant myocardial lesions tends to enhance the significance of the B6 factor.
Conclusions
It has been shown that rats and hogs develop severe myocardial lesions, characterized by necrosis of muscle fibers and marked cellular infiltration, when they are fed a diet deficient in potassium and in vitamin B.
The development of myocardial lesions is dependent upon the combined deficiency. An adequate potassium intake, or an adequate vitamin B intake, is sufficient to prevent damage to the heart. No evidence is available to throw emphasis on one or the other of these factors as the primary factor requisite for heart injury.
The effects of potassium deficiency are manifested only in the myocardium; no other visceral lesions were found which were related to this factor. Serial electrocardiograms taken on hogs during the experiments showed progressive changes in the conduction pattern, with inversion of T waves, prolongation of the P-R interval, changes characteristic of bundle branch block, incomplete A-V block, and acute myocardial damage.
Partition of the vitamin B complex, using preparations of thiamin, riboflavin, and crystalline vitamin Be hydrochloride, revealed that a deficiency in Be, when coupled with a potassium deficiency, led to heart injury in rats, while deficencies in either thiamin or riboflavin together with potassium produced no significant changes.
